Summary Net photosynthetic rates of developing foliage and one-year-old foliage of loblolly pine (Pinus taeda L.) were measured under field conditions. In the subsequent year, net photosynthesis and dark respiration rates of current-year and one-year-old foliage were measured under controlled environmental conditions. Loblolly pine foliage grows slowly, reaching its final size 3.5 to 4 months after bud burst. Positive rates of net photosynthesis were recorded when the foliage was 13 and 18% of final length, in the controlled-environment and field study, respectively. However, because of high rates of dark respiration during the initial growth period, a positive diurnal carbon balance did not occur until foliage was about a third of final length (40 days after bud burst). Two months after bud burst, when foliage was about 55% of final length, its photosynthetic capacity exceeded that of one-year-old foliage. The highest rates of net photosynthesis were achieved when foliage was more than 90% fully expanded.
Introduction
In general, the rate of net photosynthesis increases during leaf development, initially becoming positive when the foliage is 20 to 40% of final length and reaching a maximum at about full leaf expansion (Tichá et al. 1985) . Leaves are generally carbon sinks for 30 to 50 percent of their developmental period (Turgeon 1989) . For deciduous tree species the total period of leaf expansion is only a small portion of the growing season. In contrast, loblolly pine (Pinus taeda L.), which is often found in competition with deciduous species, exhibits a much different pattern of foliage development, in which the rate of growth is very slow. It takes up to 4 months for loblolly pine foliage to elongate completely (from mid-April to mid-August), which is about two-thirds of the frost-free period in the Piedmont region. Because growth of foliage is generally associated with low photosynthetic capacity and high respiration rates, we hypothesized that current-year foliage does not contribute appreciably to the carbon gain of loblolly pine trees for many months. To test this hypothesis, we examined the pattern of change in net photosynthesis during the period of foliage growth in loblolly pine to determine when foliage reached its maximum photosynthetic capacity and when it switched from being a net carbon sink to a carbon source.
Materials and methods
We studied trees in a 12-year-old loblolly pine plantation in the Whitehall Forest, near Athens, Georgia. In the first year, measurements were taken on two mid-canopy branches, south facing and in full light, on each of six trees. Access to the canopy was by fixed towers and connecting walkways placed in the lower portion of the canopy. Net photosynthesis was measured in the field with an ADC LCA-2 portable photosynthesis system (Analytical Development Corp., Hoddesdon, U.K.). All measurements were made at midday on current-year and one-year-old foliage, sampling two fascicles in the cuvette. Loblolly pine trees usually have two leaf flushes per year, a large initial flush and a smaller second flush that emerges a few months after the first flush. In this study, only first-flush foliage was measured. In the second year, net photosynthesis and dark respiration were measured in the laboratory on cut shoots from these trees. Samples of current-year and one-year-old first flush foliage were measured on one shoot from each tree every two weeks during the period of leaf expansion (April to August). The branches were cut in early morning, placed in water and recut, covered in plastic and then transported to the laboratory (10 min from the forest). All measurements were made over a 5-h period during which rates of gas exchange remained constant. Net photosynthesis was measured with an LI-6400 infrared gas analyzer with an LED light attachment (Li-Cor, Inc., Lincoln, NE) under fixed conditions of 22--23 °C, 1.5 kPa vapor pressure deficit and saturating irradiance (1600 µmol m −2 s −1
). Respiration was measured under the same conditions except that the cuvette and branch were kept in the dark. Respiration measurements were made on foliage that had been in the dark for at least one hour. All gas exchange measurements were expressed on a total surface area basis, calculated from length and radius of all needles in the cuvette (Fites and Teskey 1988 ).
Changes in rates of photosynthesis and respiration during needle development of loblolly pine
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Results
In both years, bud burst occurred in April and the first flush needles continued elongating until mid-August ( Figure 1 ). Relative to the first year, bud burst was delayed in the second year, presumably by the cool conditions that occurred in March and April, but the growth rate of the foliage was soon indistinguishable from that of the previous year. Current-year foliage was large enough to sample in the field with the ADC portable photosynthesis system at the beginning of May. At that time, when foliage was 18% of its final length, a positive rate of net photosynthesis was recorded ( Figure 2 ). These rates were slightly lower than the rates in one-year-old foliage, but on most sampling dates in May and early June the rates were not significantly different between the two age classes. By midJune when the current-year foliage was about 55% of its final length, the photosynthetic rate of current-year foliage exceeded that of one-year-old foliage. This trend continued during foliage development, and in July and August the rates of net photosynthesis of current-year foliage were substantially higher than those of one-year-old foliage.
In the second year, when measured under constant conditions of light, temperature, humidity and water availability, relative rates of net photosynthesis in current-year and oneyear-old foliage followed the same pattern as in the field. At the first measurement date, when the foliage was 13% of its final length, rates in current-year foliage were only slightly less than those in one-year-old foliage (Figure 3a) . Rates of the two age classes were equal by mid-June (measured on Day 168), as in the previous measurements in the field. Thereafter, current-year foliage had higher rates of net photosynthesis than one-year-old foliage. In contrast, at the initial measurement (Day 128), dark respiration rates were six times greater in current-year foliage than in one-year-old foliage (Figure 3a) , an indication that, on a diurnal basis, the foliage still required significant amounts of carbohydrates from other sources. By the second measurement in mid-May, the rate of dark respiration of current foliage had decreased, but it was still about three times greater than the respiration rate of one-year-old foliage. Rates of dark respiration continued to decline in the currentyear foliage and by Day 168 current-year foliage had essentially the same rate of dark respiration as one-year-old foliage. At this time the foliage was about 65% of its final length and was 55 days old. The high rates of dark respiration in current year foliage relative to one-year-old foliage shown in Figure  3a , do not necessarily indicate that the developing foliage was a carbon sink during that time because rates of net photosynthesis were substantially higher than rates of dark respiration. Evidence that there was only a short period of time before the foliage became self-sustaining is provided by the ratio of net photosynthetic rate to dark respiration rate of current-year and one-year-old foliage (Figure 3b ). In one-year-old foliage, the ratio was between 6 and 7 on all measurement dates, indicating that in a diurnal period the foliage had the capacity for substantially greater photosynthetic carbon gain than respiratory carbon loss. The mean rate of respiration of one-year-old foliage during this period was 0.674 µmol m −2 s −1
. In contrast, in current-year foliage the ratio was near zero (0.17) on the first measurement date in early May, indicating that the foliage was a carbon sink when it was 13% of its final length, but by May 21 (Day 142) when the foliage was 30% of its final length, the ratio had increased to 1.1, indicating that the foliage was at, or near, the point of carbon balance (Figure 3b) . By the next sample date (June 4, Day 156), the foliage was clearly achieving a net carbon gain, although it was still only 43% of its final length.
Discussion
Emerging loblolly pine foliage rapidly developed positive photosynthetic capacity and which continued to increase over the months it took foliage to reach its final size. This pattern is typical of developing foliage in C 3 plants (Tichá et al. 1985) . The main difference among species appears to be the number of days required to complete the developmental process. For example, in red oak (Quercus rubra L.) seedlings, leaf growth was completed in about 20 days, and positive net photosynthesis was recorded five days after emergence, with maximum rates occurring just after full leaf expansion (Hanson et al. 1988) . A similar pattern was reported for Quercus acutissima Carruth. (Tobias et al. 1995) . Complete leaf growth in black locust (Robinia pseudoacacia L.) took about the same time, and again maximum net photosynthesis occurred just after full expansion (Mebrahtu and Hanover 1991) . Full development of leaves in white oak trees (Quercus alba L.) took about six weeks and the maximum rates of net photosynthesis occurred at that time (Dougherty et al. 1979) . In Scots pine (Pinus sylvestris L.) leaf growth began in late May and in two weeks a positive carbon balance was observed (Troeng and Linder 1982) . Leaf growth was completed by the beginning of August after 10 weeks of growth, and the highest rates of net photosynthesis occurred at the end of August. This pattern was nearly identical to that observed for Pacific silver fir (Abies amabilis (Dougl.) Forbes), another cold-climate coniferous species (Teskey et al. 1983 ). Compared to these coniferous species, loblolly pine had a longer period of foliage growth, but a similar pattern of development of photosynthetic capacity. Loblolly pine is a fast-growing, pioneer species that rapidly colonizes and occupies disturbed areas. But from the standpoint of maximum carbon production, the slow development of the current-year foliage in loblolly pine is puzzling; it is in complete contrast with competing deciduous species that develop maximum leaf area and photosynthetic capacity early in the growing season. Assuming leaf area and canopy light interception are important determinants of productivity, the slow rate of leaf growth means that leaf area of loblolly pine is only at a maximum for two months each year (August and September). From the perspective of total canopy carbon gain, the ability to photosynthesize throughout most of the year may compensate for the slow initial development. Because the foliage is on the tree for about 18 months (two growing seasons), the 4-month period of leaf development represents only about 20% of its total life. Although this period is roughly comparable to the time required for leaf development of deciduous species in the region relative to their leaf longevity, it is a much longer developmental period, relative to needle longevity, than is exhibited by most other conifers, which retain a foliage for up to 20 years (Schoettle and Fahey 1994) . However, most conifers with long-lived foliage exist in cool climates where positive net photosynthesis is not possible all year-round. Furthermore, photosynthetic capacity of longlived foliage decreases with age, and its productivity is progressively reduced by mutual shading. Thus, we suggest that equivalent amounts of carbon can be gained by tree species through many different combinations of the same factors: net photosynthesis, leaf area, leaf longevity and the rate of leaf development. A combination of short leaf longevity and low leaf area, compensated for by rapid leaf development and high rates of photosynthesis, is commonly found in deciduous tree species. Many cool-climate conifers have long leaf longevities and high leaf areas, but slow leaf development and low rates of net photosynthesis. In contrast, loblolly pine, a warm-climate conifer, has short leaf longevity, low leaf area, slow leaf development and low rates of net photosynthesis. We speculate that these characteristics are compensated for by the capacity to photosynthesize throughout the year in a mild climate. (a) Relative rates of net photosynthesis (P n ) and dark respiration (R d ) of current-year foliage compared with one-year-old foliage. Relative rates were calculated as mean rate of current-year foliage/mean rate of one-year-old foliage. A value of 1 indicates that the rates in the two age classes were equal. (b) The ratio of mean net photosynthetic rate to mean dark respiration rate of current-year and one-year-old foliage. Day 1 is January 1.
